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SUMMARY 
The effect of ductility in a structure containing s t r e s s  concentrations i s  to 
l e s s e n  the sever i ty  of the geometr ic  discontinuities associated with the s t r e s s  concen- 
t ra t ions by local yielding, which in turn resul ts  in a continuous decrease  in s t r e s s  
concentration factor until f rac ture  occurs. 
effect is a parameter  called the ductility ratio, e , which may be obtained f rom strength 
t e s t s  of notched tension specimens.  In ductile ma te r i a l s  e = 0,  in br i t t le  ma te r i a l s  
e = 1 and in limited ductility mater ia l s  0. 0 2  < e < 1. In this investigation notch 
t e s t s  on aged titanium alloy, Ti-6A1-4V and aged 18% nickel maraging steel  were  
per formed using specimens with a range of e las t ic  s t r e s s  concentration fac tors  f rom 
3 to 13. 5 to evaluate the ductility ratio. 
k = 1 t (ke - k ) e where k and k P eo P e 
keo is the elast ic  concentration factor below which the ma te r i a l  i s  notch insensitive and 
e is the ductility ratio. 
behavior exhibiting notch insensitivity in the longitudinal direction and notch sensitivity 
in the  t r ansve r se  direction. 
One measu re  of this s t ruc tura l  ductility - 
- 
The tes t  resul ts  followed the relation 
a r e  plastic and elast ic  concentration factors ,  
- 
The steel  mater ia l  displayed marked  anisotropy in ductility 
Average four -mi l  gage length permanent s t ra ins ,  measured  along the f r a c t u r e  
using photogrid techniques, were  approximately 60% - 65% with some observations of 
s t r a ins  higher than 100% for  both mater ia l s .  
averaged approximately 7% f o r  the titanium and 2 .  5% fo r  the steel  mater ia l .  
The two-inch gage length s t r a in  values 
Metallographic examination revealed la rge  and smal l  g ra in  size a r e a s  in the 
Evidence i s  presented to show a possible connection between sca t t e r  of data steel .  
for high k 
mate  rial. 
notch t e s t s  and the nonhomogeneous granular  constitution of the s teel  
e 
Ductility ratio and s t rength data f o r  steel  in the t r ansve r se  directions a r e  
in good agreement  with Gera rd ' s  
ma te r i a l s ,  c / p  = 1.6 x 10 e 
agreement  of the titanium data i s  believed to be associated with their  low values of 
ductility ratio,  placing these mater ia l s  outside of the l imited ductility category. 
Design data f o r  all  the ma te r i a l s  a r e  presented and the efficiency of the ma te r i a l s  in 
design is compared. 
trength-ductility relation f o r  limited ductility 
, while the titanium data  a r e  not. The lack of 
6 -  I f f  
tu 
.. 
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V l l l  
STRUCTURAL MEASURES OF DUCTILITY 
FOR 
TITANIUM ALLOY Ti-6A1-4V AND 
18% NICKEL MARAGING STEEL (250) 
1. Introduction 
Static tension fai lures  in structural  elements generally originate at  s t r e s s  
concentrations resulting f r o m  geometric discontinuities. These discontinuities a r e  
inherent in the design, in which case the value of the associated elastic s t r e s s  con- 
centration factor can be determined; o r  the discontinuities can a r i s e  f r o m  fabrication 
p r o c e s s e s  and the values of the resulting e las t ic  concentration fac tors ,  although of 
high value, a r e  not determinate.  
should be based upon actual s t ruc tu ra l  strength. 
tensi le  strength of the ma te r i a l  modified by the value of the s t r e s s  concentration factor 
in the s t ruc tu re  which i s  operative at failure and which is not necessar i ly  the elast ic  
value. S t r e s s  concentration f ac to r s  in a s t ruc tu re  remain a t  a constant value under 
increasing s t r e s s  providing that the maximum s t r e s s  in the concentration remains 
e las t ic  . A s  the maximum s t r e s s  in the concentration inc reases  into the plastic 
region, local yielding relieves the severity of the geometr ic  discontinuity and the 
s t r e s s  concentration factor  dec reases .  
s t r e s s  until f r ac tu re  occurs.  
reduced f r o m  i ts  e las t ic  value to the value at  f r a c t u r e  by plast ic  yielding is related to 
a measureable  ductility property of the ma te r i a l  of construction which we have called 
s t ruc tu ra l  ductility. 
Efficient s t ructural  design using a fai lure  cr i ter ion 
This is related to the ult imate 
This dec rease  continues with increasing 
The degree to  which the s t r e s s  concentration factor  is 
The objective of the investigation descr ibed herein has been to study s t ructural  
ductility both theoretically and by means of experiments on two high strength ma te r i a l s :  
titanium alloy Ti-6A1-4V and 18% nickel maraging s teel  (250). 
been r e s t r i c t ed  to the case  of the response of materials to e las t ic  s t r e s s  concentration 
f ac to r s  in the range of 3 to 13.5. This range of values includes those which ordinarily 
would be found in s t ructural  design and those which would resul t  f rom mild radius 
nicks and flaws. 
flaws a r e  of high numerical  value and predictions of the f r ac tu re  s t r e s s  involve 
predictions of the s t r e s s  required to  propagate a sha rp  crack. The methods of crack 
propagation prediction have been developed using the analytical techniques of f r ac tu re  
mechanics  and a r e  not p a r t  of the current study. 
These studies have 
The s t r e s s  concentrztion f ac to r s  associated with c racks  and s h a r p  
The investigation included extensive testing to obtain notch strength,  s t r e s s -  
s t r a i n  and ductility propert ies ,  and a l s o  the development of a semi-empir ical  analytical 
relation b e b e e n  elast ic  and plastic s t r e s s  concentration factor.  
1 
. 
2. E las t ic  and Plastic S t r e s s  Concentrations 
Mater ia ls  have been classified into one of th ree  ductility categories  on the 
basis of the two-inch gage length fracture s t r a ins  as :  adequate ductility (roughly E 
I S $ ) ,  l imited ductility (roughly 10% > c 
Materials  can be classified into these same ductility categories  on the basis of their  
f r a c t u r e  s t rength in the presence  of s t r e s s  concentrations. Using this s t ruc tura l  
behavior cr i ter ion,  adequate ductility mater ia l s  a r e  those in which local yielding 
reduces the severity of geometr ic  discontinuities to such an extent that the operative 
s t r e s s  concentration at failure i s  essentially unity. 
s t rength (S) and the ma te r i a l  s t rength (u ) a r e  the same,  i. e. S = u In limited 
ductility ma te r i a l s  local yielding i s  limited and se rves  to reduce s t r e s s  concentration 
f ac to r s  somewhat f rom the elast ic  value to a lower plastic value (k ). Here the 
s t ruc tura l  strength fac tor  i s  reduced by the plastic concentration factor o r  S = u 
Little relief of s t r e s s  concentrations i s  possible with br i t t le  mater ia l s .  
s t rength is reduced f rom the mater ia l  strength by the elast ic  s t r e s s  concentration 
factor and may be given approximately by S = u 
classified in the adequate ductility category on the bas i s  of their  two-inch gage length 
f r ac tu re  s t r a ins  will generally fall  into the same category using a s t ruc tura l  behavior 
cri terion. 
classification of s t ruc tura l  behavior for l imited ductility ma te r i a l s  and has  limited 
> 10% - 
2 
> 1 % )  and brit t le (roughly c 2  < 1 % ) .  
a 
F o r  these ma te r i a l s  the s t ruc tura l  
tu tu' 
P 
/k tu  p' 
The s t ruc tura l  
/k . Materials  which have been tu e 
However, the two-inch gage length s t ra in  is generally unreliable for 
value f o r  the brit t le category; in most  cases  the two-inch gage length s t r a in  c l a s s -  
ification is conservative with respect  to s t ruc tu ra l  ductility behavior. There  i s  
g rea t  interest  in those ma te r i a l s  which a r e  in the structurally classified limited 
ductility category because these mater ia l s  generally have the highest strength-to- 
weight ratios and have many potential applications. 
obtain the appropriate  design information. 
inch gage length f r ac tu re  s t r a in  is not directly applicable to s t ruc tura l  design. 
s t ruc tu ra l  ductility measu res  a r e  required which a r e  based upon the relations between 
s t ruc tu ra l  strength, tensile s t rength and s t r e s s  concentration factor. 
Tes t  p rog rams  a r e  required to 
Standard information such a s  the two- 
Other 
P las t ic  S t r e s s  Concentrations 
Structural  strengths fo r  adequate ductility and br i t t le  ma te r i a l s  a r e  der ived 
f r o m  relatively easily obtained parameters  such a s  the ultimate tensile s t rength f o r  
the f o r m e r  and ultimate tensile strength and elast ic  concentration fac tor  for  the la t ter .  
The basic  problem with such mater ia l s  i s  one of identifying that the par t icu lar  ma te r i a l  
i s  t ruly in the adequate ductility o r  brittle category. F o r  the limited ductility c l a s s  
2 
of m a t e r i a l s  s t rength predictions a r e  based upon the plastic s t r e s s  concentration 
f ac to r  at f r a c t u r e  which i s  related to both the elastic concentration factor and the 
ductility char  acte r i s t ic s . 
Previously Hardrath and Ohman ( 1 )  had shown that the plastic s t r e s s  
concentration factor obtained f rom notched b a r s  may be expressed a s  
where 
k 
E s m  = secant modulus of the maximum s t r e s s  at the s t r e s s  concentration 
Esn  = secant modulus of the net section s t r e s s  in the structure.  
= ultimate tensile strength/notched tensile s t rength 
P 
There  have been a number of variations of Eq. (1) based upon specific 
assumptions on the s t ruc ture  tested. 
be designated as  a s t ruc tura l  ductility parameter  as  was suggested in Ref. 2. Eq. (1) 
can be wri t ten in the fo rm 
The ratio of the secant moduli obtained may 
k = 1 t (ke - l ) e  (2)  P 
In limited ductility mater ia l s  with higher e las t ic  s t r e s s  concentration factors ,  
f r ac tu re  occurs  when the net section s t r e s s  is elastic. 
E s n  = 
the constant ductility parameter  as  e ,  called the ductility ratio, it  was shown in 
Ref. 2 that this parameter  was the ratio of two s t r a in  values 
Under these conditions, 
E and the ductility parameter  i s  a constant f o r  a given mater ia l .  Designating 
where e b  i s  the brit t le component of strain,  given by e b  = utu/E and E 
gage length f rac ture  s t r a in  a t  the s t r e s s  concentration defined by Esm = r t u / e f .  
is the smal l  f 
Returning to Eq. (2), the implication is that for  all  values of k g rea t e r  than 
P 
e 
unity, k wi l l  always be g rea t e r  than unity. However f r o m  intuitive reasoning one 
could imagine a ma te r i a l  on the borderline between limited ductility and adequate 
3 
ductility ma te r i a l s  which has sufficient ductility to relieve the effects of low value 
s t r e s s  concentrations but which is notch sensitive to higher values of s t r e s s  concen- 
t ra t ion factor. Such a ma te r i a l  would have a threshold value of s t r e s s  concentration 
factor  above which it i s  sensitive and which can be designated as k 
this  m a t e r i a l  can be character ized by two relations 
The behavior of eo' 
k = 1  
P 
and approximately by 
k = 1 t (ke - k e o ) e  
P 
f o r k  < e -  
for  ke > keo 
(4) 
( 5 )  
This behavior is  i l lustrated schematically in Fig. 1. 
approximate because in a rea l  ma te r i a l  we would not expect to  find discontinuities such 
a s  is represented by the point k 
This representation is 
= 1 ,  k = k P e eo' 
It is important to note that implied in the representation shown in Fig. 1 is a 
constant value of the ductility ratio. 
basic  s t ructural  ductility property of materials.  
concent ration, keo, is also related t o  structural  ductility behavior, however its value 
may also be influenced by the geometric s ize  and configuration of the s t r e s s  concen- 
tration. The full significance of this factor a s  a s t ructural  ductility pa rame te r  is not 
altogether c lear  at  this time. 
As such, the ductility ratio may be considered a 
The threshold value of e las t ic  s t r e s s  
In the experiments which a r e  described in the following sections of this  
report ,  s t ructural  ductility data were  obtained for  comparison with Eqs. (4) and (5) 
using the resul ts  of notch tests.  
4 
L 
0 
(. 
e 
I .  0 eo 
‘e 
Figure 1 .  Elast ic  and Plast ic  S t r e s s  Concentrations for  Limited 
Ductility Mater ia ls ,  Schematic. 
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3 .  Experimental Procedures  
The basic experiments in the program were  a s e r i e s  of tensile t e s t s  on aged 
t i tanium alloy Ti-6A1-4V and a i rc raf t  quality, cold rolled aged 18% nickel maraging 
s teel  (250) in sheet form. 
obtaining a) s t r e s s - s t r a i n  propert ies  and ult imate tensile strength,  b) notch strength, 
c) 
shape flat specimens of various proportions were used f o r  all but the notch specimens. 
F o r  the la t te r  an internally notched configuration w a s  designed to  have the maximum 
e las t ic  s t r e s s  concentration factor  f o r  the given geometry. The details  of the notch 
specimen design a r e  given below. 
Internal Notch Design 
Appropriately shaped specimens were  machined f o r  
small  gage length s t ra in  and d)  two-inch gage length permenent strain.  Dogbone 
The basic  advantage of an internally notched sheet tensile specimen is that 
the bending s t r e s s e s  which may  develop in the specimen a s  a result  of eccentricit ies 
in the loading t ra in  appear at  the specimen s ides  while in the canventional externally 
notched specimens such bending s t r e s s  would appear  at  the s t r e s s  concentration 
at  the root of the notch. 
difficulties for  the internally notched over the externally notched specimens. 
This  advantage m o r e  than offsets the g r e a t e r  manufacturing 
The notch configuration we chose t o  employ was one we had used previously 
(2 ,3)  and is shown in Fig. 2. 
concentration factor for  such notches and these were  extended and tested photoelasti- 
cally by Papirno (5). 
f ac to r  is given by 
Dixon (4) derived relations f o r  determining the s t r e s s  
F o r  such a notch the theoretical  e las t ic  s t r e s s  concentration 
In ou r  
concentration 
previous investigations we obtained a s e r i e s  of desired elast ic  s t r e s s  
factors  by varying the slot-end hole radius,  while holding the other 
dimensions constant. 
chosen. However, an examination of Eq. (6) indicated that a maximum k value would 
exist  as a function of d/w. 
desirable  to  employ the geometry yielding the maximum k 
radius. 
them; the hole radius is  then the notch end radius. 
The value of d / w  previously employed w a s  m o r e  o r  less a rb i t r a r i l y  
e 
This  is of interest  in notch specimen design since it is 
for  a given notch-end e 
The notches are machined by drilling two holes and cutting a slot between 
There is a lower limit to hole 
radius that can be achieved with mechanical dr i l l s  yielding cylindrical holes and at this 
lower limit it is desirable  to use geometry which resul ts  i n  maximum ke. 
6 
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Figure 2. Internal Notch Configuration 
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Figure  3 .  Values of the Constants C1 and C2 in the Elastic S t r e s s  
Concentration Relation k = C1 t C,(w/r) 112 
e 
7 
A maximization procedure used on Eq. (6)  indicated that k would be a maxi-  e 
m u m  f o r  d/w = 0. 6. Substituting this  value in Eq. (6)  resul ts  in 
1 1 2  ] = 0.654 [ 1 t 2 ( L / r )  
max  ke 
(7) 
Eq. (7)  was used a s  a design relation for  the notch specimens tested in the 
Because of manufacturing tolerances it is not always possible to achieve program. 
the optimum value of d /w in each specimen manufactured. 
f o r  the specimens with the s m a l l e r  hole-sizes. 
and measured ,spec imen values of k e 
pr ia te  measu red  dimensions into Eq. (6). 
This is especially t rue  
After the specimens a r e  manufactured 
can be determined by substitution of the appro- 
Computations of k based upon Eq. (6)  can be considerably simplified by e 
eliminating the factor  L f r o m  the equation. This resul ts  in an expression of the f o r m  
It is possible to expres s  Eq. (8) in simplified fo rm as 
where 
ke = C1 t C2(w/ r )  112 
3 l I 2  d /w [ .  2 - d/w 
( 9 )  
112 
d/w ] [ 2  - 2 d / ~ ] ' / ~  '2 = [ 2 - d/w 
Values of C and C 1 2 for  a range of d/w a r e  given in Fig. 3. 
Specimen Materials 
The two tes t  ma te r i a l s  were  in sheet f o r m  and all specimens were  manufac- 
tured f r o m  a single sheet of each material .  
by the manufacturer w a s  designated a s  the longitudinal direction. The as- received 
sheet dimensions and other manufacturer supplied data a r e  given in Tables 1 and 2. 
The ma jo r  direction of rolling, as indicated 
8 
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Table 1:  Manufacturer 's  Data f o r  Titanium Alloy Ti-6A1-4V 
1. Identification TMCA Heat G2038, Annealed 
2. Sheet Size 0. 045 in thick x 36 in x 96 in. 
(1.14 mm x 890 mm x 2940 mm) 
3. Composition, A1 V C F e  N H 0 T i  
Pe rcen t  6. 0 4. 0 0. 023 0. 05 0.009 0. 007 0. 11 Rmdr. 
4. Annealed Mech'l Y:;ld Stre;$khm2) Ultimate Strengt% Elong. 
P rope r t i e s  P ( ps i  (N/mm ) Percent  
Long. 137,900 (950) 146,200 (1007) 13.0 
Trans.133, 600 (920) 141,300 ( 975) 13. 0 
Table 2: Manufacturer 's  Data for  Aircraft  Quality 
18% Nickel Maraging Steel (250) 
1. Identification U. S. Steel Heat 1-0347, Cold Rolled, Annealed 
2. Sheet Size 0. 040 in. thick x 29. 6 x 120 in. 
(1.01 mm x 752 mm x 330 mm) 
3. Compos it ion, C Mn P 5 Si N i  C r  Mo T i  Cu F e  
P e r  cent 0.03 0.04 0.004 0.006 0.08 17.96 8.08 4.8 0.42 0.17 Rmdr. 
4. Annealed Mech. 
P rope r t i e s  not given 
The sheets were  marked  into sections to  es tabl ish a sampling pat tern and 
specimen blanks were  cut. 
the specimens were  fabricated f r o m  the solution t r ea t ed  blanks. 
were  fabricated f r o m  the annealed material .  
specimens had been manufactured. 
The titanium alloy blanks were  f i r s t  solution heat heated and 
The s teel  specimens 
Both ma te r i a l s  were  aged af ter  the 
The heat treating procedures  were  as follows: 
Titanium Alloy Ti-6A1-4V: 
Solution Trea t :  1675F(1185K), Vacuum, 30 min. ; W. Q. within 2-3 secs.  
Aging : 900F(755K), Vacuum, 16 h r s .  ; F C  
1 Throughout this report  dimensions a r e  given in  the English system followed in 
parenthesis  by the m e t r i c  equivalent in the SI System. 
and in all drawings a r e  in mil l imeters  unless otherwise noted. 
Metr ic  length units in the text 
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18% Maraging Steel (250): 
Aging : ?00F(755K), 3 h r s . ;  A C  
Hardness values were  taken after the aging heat treating. F o r  the titanium 
alloy the values ranged f r o m  Rc35 to R 38 while f o r  the s teel  the range of values w a s  
f r o m  Rc50 to Rc52. 
C 
Specimen Preparat ion 
a )  Sampling Pat tern:  
in Fig. 4 and groups of longitudinal and t r a n s v e r s e  specimen blanks were  sheared 
oversize f r o m  each of the panels keeping well  away f r o m  the original edges of the sheet. 
A typical sampling pat tern f r o m  Section B is shown in Fig. 5. 
s i m i l a r  sampling patterns.  
location in  the sheet f r o m  which they were taken and the direction; for  example in the 
specimen number designation SBT-13, the initial "SI' designates steel ,  the "B" is f o r  
Section B of the sheet,  the "TI' indicates a t r ansve r se  specimen and the final number 
designates this specimen as the 13th taken f r o m  the section. 
employed to obtain the two-inch gage length elongation were  manufactured f rom blanks 
which were  approximately 1.12 in. x 6 in. (28.4 mm x 152 mm). 
blanks were  the same  width but approximately 9. 0 in. (228 mm) long. 
The sheets were  marked  in le t tered panel sections a s  shown 
The other sections had 
The specimen blanks were  numbered to  indicate the 
A l l  specimens but those 
F o r  the la t ter ,  the 
b) Internally Notched Tensile Specimens: Specimens of the dimensions shown 
in Fig. 6 were  manufactured with a range of slot-end hole s i zes  to obtain a range of 
e las t ic  s t r e s s  concentration factors  f rom 3-13.5. 
of the specimen were  machined first using standard machine shop practice. 
were  dr i l led at  the specimen ends using a dr i l l  j ig,  f o r  l a t e r  installation of end reinforcing 
plates. The central  slot was introduced by first drilling and reaming the notch-end 
holes and then by cutting a slot between the holes using a 0.006 in. (0. 15 mm) thick 
piercing saw. 
hole in  the specimen and separate  cuts were  made to  the notch-end holes. 
of the la t te r  were  protected by appropriate diameter  w i re s  placed in the holes p r i o r  t o  
sawing. 
The loading holes and outer contours 
Rivet holes 
The saw blade was introduced through a 0.03 in. (0.75 mm) central  
The su r faces  
Hole diameters  to  obtain the desired range of e las t ic  s t r e s s  concentration f ac to r s  
were  determined f r o m  the relation given below, which resu l t s  f r o m  rearranging t e r m s  
in  Eq. ( ' I ) :  
0.586 
D = 2w [k - 0.6541 e 
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Notched-end hole s i zes  were  taken as those of the reamer size. The var ious 
d r i l l  and reamer s i zes  used  f o r  spezilmen ixanufacture a r e  given in Table 3 .  
be noted that dril l ing and reaming accurately located holes whose finished d iameter  
is less than 0.012 in. (0.30 mm) where the material thickness  may  be as high as 
10-12 times the hole d iameter ,  is f a r  f rom a routine operation. W e  employed a 
Derbyshi re  micro-dr i l l  press equipped with a compound r e s t  as shown in Fig. 7. 
technician constantly observed the specimen surface with the binocular microscope 
shown in  the  figure throughout the entire dril l ing and reaming operation. 
It should 
The 
Table 3.  D r i l l  and Reamer  Sizes  for  Notch-End Holes 
Elas t ic  Conc. 
Fac to r ,  ke 
Reamer  Diameter  Dri l l  Diameter  
in mm in mm 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
0. 1250 
0,  0625 
0 .  0360 
0. 0240 
0. 0173 
0.0128 
0 .  0098 
0. 0079 
0.0066 
0,0055 
0.0046 
3. 18 
1 .587  
0. 914 
0.609 
0.434 
0. 325 
0. 249 
0.201 
0. 167 
0.140 
0.117 
0.1200 
0. 0595 
0. 0330 
0.0210 
0. 0150 
0.01 16 
0.0089 
0. 0071 
0. 0060 
0. 0050 
0.0042 
3. 05 
1. 51 
0. 838 
0.533 
0. 381 
0 .294  
0. 226 
0. 180 
0. 152 
0.127 
0. 107 
4. 
-0 9.0042 0.107 
13.5 None 
+t In this ca se  only a drill was  used and the concentration fac tor  was  
computed f r o m  the d r i l l  d iameter .  
c )  Sheet Tensi le  Specimens: Specimens with var ious  gage lengths were  
employed f o r  s t r e s s - s t r a i n  propert ies ,  ul t imate  tensi le  strength,  two-inch gage 
length permanent  deformation, and small  gage length strain.  The dimensions of 
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t hese  specimens and the s p  c imen configu ations a r e  shown in Figs.  8 ,  9 ,  and 10. 
The choice of width dimensions in ult imate tensile strength specimens can 
be c r i t i ca l  if the utu values a r e  to be used in notch s t rength calculations. Gera rd  (6)  
analyzed f r a c t u r e  s t ra ins  and found that equivalent behavior occurred when the width 
of a smooth tensi le  specimen w a s  the same as the width of a single ligament in an 
internally notched tensile specimen. 
tensi le  specimens were  manufactured with a width of 0.300 in. (7 .62 mm) which 
corresponds to  the single ligament width of the notched specimen shown in Fig. 6. 
Short gage length specimens shown in Fig. 8 were  tes ted to obtain ultimate 
In accordance with these findings, all the smooth 
s t rength data and for  s t r e s s - s t r a i n  properties.  
s t r a i n  gages Type FAP-25-12 were applied back-to-back on the gage section and 
connected to  eliminate bending response. 
F o r  the la t te r ,  p a i r s  of BLH foil 
Two-inch permanent s t ra ins  after f r ac tu re  were  obtained f r o m  measurements  
of gage m a r k s  on the long gage length specimens shown in Fig .  9. 
layout-compound was f i r s t  applied on the specimen surface and light gage m a r k s  were  
carefully scratched through the surface coat with a precision height gage at 0. 500 in. 
(1 2 . 7 0  mm) intervals along the gage length. 
the coating, this leaving the metal  surface virtually unmarred.  
specimens w - r e  fitted together and the gage distances were  measu red  using an  optical 
comparator  . 
Machine shop 
Care was taken to penetrate only through 
After f r ac tu re  the 
We planned to measu re  sma l l  gage length s t ra ins  using a photogrid consisting 
One 0.004 in. ( 0 .  10) of 0.002 in. (0. 05 mm) width alternate c l e a r  and opaque bands. 
wave length on this  grid would be the gage length for  the measurements .  
some difficulty applying such a grid over a l a rge  a r e a  and because of the uncertainty 
of the position of the f r ac tu re  in standard sheet specimens,  the configuration shown 
in Fig. 10 w a s  adopted. The gr id  was placed in the central  minimum section of the 
specimen and extended approximately 0. 5 in. (13 mm) on ei ther  side of the center.  
There i s  
A l aye r  of sensitive Kodak Photo-Resist was applied to the specimen. An 
accurate  250 line, g l a s s  Ronchi grating served as the negative and af ter  exposure and 
development the grid image was dyed. The nature of the p rocess  i s  such that the 
unexposed ma te r i a l  is dissolved during development leaving a s e r i e s  of individual 
grid l ines  on the specimen r a the r  than the continuous film of conventional photo- 
graphic p rocesses .  
measu red  with no limitation imposed by the ductility character is t ics  of the film. 
Photographs of the gr ids  were  taken using a specially constructed optical 
The advantage of this technique is that ve ry  l a rge  s t ra ins  can be 
bench before and af te r  f r a c t u r e  a t  about 8 x magnification. 
were  made  f r o m  the photographic negatives af ter  p rec i se  individual determinations 
The s t ra in  analyses 
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of the magnification on each film. 
T e s t  Technique 
A l l  specimens were  loaded to f rac ture  in an Allied Resea rch  Associates 
pneumatic testing machine at a constant s t r e s s  rate of approximately 5 k s i / s e c  
(35 N / m m  / sec . ) .  The machine has  the charac te r i s t ics  of a low inertia,  dead weight 
t e s t e r ,  i. e. a ve ry  soft machine,  so there i s  little if  any load drop off when la rge  
s t r a i n s  occur  near  f racture .  The ultimate strength corresponding to maximum s t r e s s  
and the f r ac tu re  strength a r e  virtually the same in specimens tested in this machine. 
2 
St re s s - s t r a in  proper t ies  were recorded autographically using the output of the 
s t r a in  gages and the testing machine load t ransducer  on an X - Y  recorder .  
other t e s t s ,  the load was recorded a s  a function of t ime on the recorder  and maximum 
loads were  obtained f rom the autographic records .  
In all  
The testing machine was calibrated p r io r  to the tes t  p rogram using a proving 
ring whose own calibration was traceable to  the National Bureau of Standards. 
maximum e r r o r  in load was est imated to be l e s s  than 0. 5% for ' the tes ts .  
of the s t r e s s - s t r a i n  propert ies  is limited a l so  by the stated - t 1% e r r o r  in the gage 
fac tor  of the s t r a in  gages. 
The 
The accuracy 
18 
4. Experimental  Data and Discussion 
Tes t  resu l t s  in this  section are presented separately f o r  each of the two 
ma te r i a l s .  
resu l t s .  
in the next section. 
in the s tee l  data  between the longitudinal and t r ansve r se  direct ions and l c s s e r  
direct ional  differences in the t i tanium data. 
the loncitudinal and t r ansve r se  directions were  analyzed separately f o r  both mater ia l s .  
This  data  presentation is followed by a general  discussion of the tes t  
The resu l t s  of a metallographic investigation of both ma te r i a l s  is presented 
Distinct differences in mechanical proper t ies  were  observed 
Because of this  anisotropy, data for  
A. Data fo r  Aged Titanium Alloy Ti-6A1-4V 
Ultimate Tensi le  Strength 
Reference values  of ult imate tensile s t rength for  u se  in computing the plastic 
s t r e s s  concentration factor  k 
each  direct ion were  used in the computation according to  the relation,k 
t ens i le s t r eng th / not c he d tens  il e s t r eng t h. 
are given in Table 4. Separate average values for  
= ultimate 
P' 
P 
Included in Table 4 a r e  data  for  a l l  specimens in  the th ree  configurations 
shown in F igures  8,  9, and 10. 
Table  4. Ultimate Tensile Strength of Aged Titanium Alloy Ti-6Al-4V 
tu Ultimate Strength,utu Average u 
2 Type : Specimen No. Orientation Figure No. ksi N /  mm ks i  N/mm 
TEL-14 L 
TFL-12  L 
TEL - 3  L 
THL-2 L 
TGL-3 L 
THL-4 L 
8 
8 
8 
9 
9 
10 
178 1225 
171 1178 
165 1137 173 1191 
178 1225 
175 1205 
172 1184 
T F T - 2  T 8 170 1170 
TFT-12  T 8 163 1122 
TFT-11 T 8 161 1109 166 1142 
THT-3 T 9 168 1157 
TGT-1 T 9 169 1164 
TGT-3 T 10 167 1150 
19  
Notch Strength 
The notch strength data and concentration factors  a r e  given in Table 5 for  the 
longitudinal direction and Table 6 f o r  the t r ansve r se  direction. 
a r e  specimen dimensions in Tables A1 and A 2  and photographs of typical f ractured 
longitudinal and t r ansve r se  specimens in F i g .  A I .  A l l  f r ac tu re s  were  in shea r  e i ther  
in  the plane of the sheet o r  through the thickness. Some included a combination of 
these conditions. Values of the elast ic  concentration factor in Tables 5 and 6 were  
computed separately for  each specimen using the measured  dimensions and Eq. (9). 
The notch-end radii  for  the sma l l  diameter holes were  not measured  directly;  r a the r  
they w e r e  taken f rom the dimensions of the r e a m e r  used to f o r m  the hole. 
Given in the appendix 
The k v s  k P e data  a r e  shown graphically f o r  the longitudinal and t r ansve r se  
direct ions in Fig. 11. The data appear to  follow the behavior described in Eqs. (4) 
and (5). was l e s s  than 5 for  both 
se t s  of data and l i nea r  leas t  squares  analyses were  made using the data f o r  k > 4 
to determine the values of e in Eq. (5) and, by computation, the values of k 
appropriately sloped straight l ines have been drawn on the figure. 
As a f i r s t  approximation it was assumed that k eo 
e 
eo' The 
Two-inch Gage Length Strains  
F o u r  specimens,  two longitudinal and two t r ansve r se ,  were  tested to obtain 
the two-inch gage length s t ra in  values. 
occu r red  outside of the gage length. 
In one of the t r ansve r se  specimens,  f r ac tu re  
Data for  the remaining specimens a r e  as follows: 
Longitudinal: Spec THL-2 7 .1% 
TGL-3 7.0% 
Transve r se  : THT-3 4.1% 
TGT-1 F rac tu red  outside gage 
length. 
Small  Gage Length Strains  
Small  gage length s t ra ins  were obtained f r o m  measuremen t s  of the displacements 
of the gr id  l ines on photographs of the fractured photogrid specimens shown in Fig.  12. 
The engineering definition of s t ra in  served a s  a bas i s  for  the measurements ,  viz. 
E = The AL values were  obtained f r o m  the axial component of displacement 
of the gr id  l ines  on the gr id  photographs, taking into account the magnification of the 
gr id  images.  
0. 0001 in. ( 0 .  0025 mm) which is the equivalent of 3% strain.  
made  along the f r ac tu red  edges on both halves of each of two fractured specimens 
(one L and one T). 
&/L.  
Measurements were  made on an optical comparator  whose leas t  count was 
Measurements  were  
The s t ra in  v s  position data a r e  shown in Fig. 13. 
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Table 5. Notch Strength Tes t  Resul ts  for  Aged Titanium Alloy 
Ti-6A1-4V in the Longitudinal Direction  
Notch-End 
Specimen No. Radius,  r Notch Strength 
ksi  N/ mm k *  
ke P 
in mm 
TFL-21 
T F L - 9  
TFL-19 
TEL-4  
TEL-15 
TFL-11 
TFL-17 
TEL-17 
TFL-10 
TEL-1  
TEL-9 
TEL-13 
TFL-20 
TFL-16 
TFL-18 
T F L - 8  
TEL-20 
T E L  -8 
TEL-19 
T E L  - 18 
TEL-11 
T F L - 7  
TEL-16 
TEL-12 
TEL-10 
T F L - 4  
TFL-14  
TEL-5  
TFL-5  
TFL-6  
TEL-6  
T F L - 2  
TEL-2  
0. 0625 
0. 0625 
0. 0625 
0.0312 
0.0312 
0.0312 
0.0180 
0.0180 
0.0180 
0.0180 
0.0120 
0.0120 
0.0120 
0.0087 
0.0087 
0. 0087 
0.0064 
0.0064 
0.0064 
0.0049 
0.0049 
0.0049 
0.0040 
0.0040 
0.0040 
0.0033 
0.0033 
0.0028 
0. 0028 
0.0023 
0.0023 
0.0021 
0.0021 
1.59 
1.59 
1.59 
0.79 
0.79 
0.79 
0.46 
0. 46 
0. 46 
0.46 
0. 30 
0. 30 
0. 30 
0.22 
0.22 
0.22 
0. 16 
0. 16 
0. 16 
0.12 
0.12 
0.12 
0.10 
0.10 
0.10 
0. 08 
0. 08 
0. 07 
0. 07 
0. 06 
0. 06  
0.05 
0.05 
2.99 
2.99 
2.99 
3.99 
3.99 
3. 98 
5.02 
5. 03 
5 .02  
5 .03  
6. 02 
6. 01 
6.02 
6. 96 
6. 96 
6. 96 
.7. 97 
7.99 
7. 98 
9.01 
9. 03 
9.01 
9.94 
9.94 
9.97 
10.85 
10.85 
11.85 
11.85 
12.89 
12.90 
13.45 
13.46 
176 
171 
166 
165 
180 
171 
167 
176 
168 
166 
166 
166 
161 
15 6 
163 
167 
168 
163 
162 
158 
15 9 
160 
156 
15 2 
156 
159 
156 
15 3 
156 
155 
15 3 
146 
152 
1211 
1178 
1143 
1136 
1240 
1178 
1150 
1211 
1157 
1143 
1143 
1143 
1109 
1073 
1122 
1150 
1157 
1122 
1116 
1088 
1095 
1102 
1073 
1048 
1073 
1095 
1073 
1054 
1073 
1068 
1054 
1005 
1047 
0. 98 
1.01 
1. 04 
1. 05 
0. 96 
1.01 
1. 04 
0. 98 
1. 03 
1. 04 
1. 04 
1. 04 
1. 07 
1.11 
1. 06 
1. 04 
1. 03 
1. 06 
1. 07 
1.10 
1. 09 
1. 08 
1.11 
1. 14 
1.11 
1. 09 
1.11 
1. 13 
1.11 
1.12 
1. 13  
1. 18 
1. 14  
2 *Reference value of ul t imate  tensile strength,  rtU = 173 k s i  (1191 N / m m  ). 
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Table 6. Notch Strength Tes t  Resul ts  fo r  Aged Titanium Alloy 
Ti-6A1-4V in the Transve r se  Direction 
Notch-End 
Radius,  r Notch Strength 
ks i N / m m  k "  
e P 
Specimen No. in mm k 
TET-1  
TFT-6  
TFT-21  
0. 0625 
0. 0625 
0.0625 
1.59 2.99 
1.59 2.99 
1.59 3.02 
163 
167 
166 
1122 
115 
1143 
1.02 
0.99 
1.00 
T F T - 1  
T F T - 7  
T F T - 8  
0.0312 
0.0312 
0.0312 
0.79 3.98 
0.79 3.98 
0.79 3.98 
169 
163 
162 
1165 
1122 
1116 
0.98 
1.02 
1.02 
T E T - 3  
TFT-13  
0.0180 
0.0180 
0.46 5. 01 
0.46 5 .03  
163 
153 
1122 
1054 
1.02 
1.08 
TET-4  
T F T  -5 
TET-2 
0.0120 
0.0120 
0.0120 
0. 30 6.01 
0. 30 6. 02 
0. 30 6. 03 
15 9 
165 
15 9 
1095 
1136 
1095 
1. 04 
1.01 
1 .02  
TFT-15 
TET-21 
0.0087 
0.0087 
0. 22 6. 96 
0. 22 6. 96 
163 
15 9 
1122 
1095 
1.02 
1. 04 
T F T  - 14 
T F T  -20 
T F T - 3  
0.0064 
0.0064 
0.0064 
0. 16 7. 98 
0. 16 7. 98 
0. 16 7. 99 
15 1 
155 
162 
1041 
1068 
1116 
1 .10  
1. 07 
1.02 
T F T  - 18 
TFT-19  
TET-10 
0.0049 
0.0049 
0. 0049 
0.12 9.02 
0.12 9.00 
0.12 9.02 
15 0 
15 2 
155 
1033 
1047 
1068 
1.11 
1. 09 
1. 07 
T F T - 4  
TET-6  
0.0040 
0.0040 
0.10 9.94 
0.10 9.97 
142 
15 1 
978 
1040 
1. 17 
1.10 
TET-12 
TET-11 
0.0033 
0.0033 
0.08 10.85 
0.08 10.85 
15 1 
148 
1048 
1019 
1.10 
1.12 
TET-14 
TET-13 
0.0028 
0.0028 
0.07 11.85 
0.07 11.85 
147 
148 
1012 
1019 
1. 13 
1.12 
TFT-16  
TET-15 
0.0023 
0.0023 
0.06 12.90 
0.06 12. 90 
138 
149 
95 0 
1027 
1.20 
1. 19 
TET-17 
T E T  - 18 
0.0021 
0.0021 
0. 05 13.46 
0. 05 13.46 
143 
144 
985 
992 
1. 16 
1. 15 
~ 
2 
*Reference value of ultimate tensile s t rength rtu = 166 ksi (1142 N / m m  ). 
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Figure 11. Elast ic  and Plastic S t r e s s  Concentration Data f o r  Aged Titanium 
Alloy Ti-6A1-4V in the Longitudinal and T r a n s v e r s e  Directions. 
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I 
I  
25 
Measurements  of s t r a in  were  also made by scans  in the axial direction away 
f r o m  the f r ac tu re  edge to determine the s t r a in  gradient in the neighborhood of the 
f r ac tu re  and a l so  by extrapolation t o  determine the zero  gage length strains.  Scans 
were  made in six locations on each of the tw-o specimens to  measu re  the s t r a in  in the 
f i r s t  0.004 in. (0.10 m m )  gage length at the f r ac tu re  sur face ,  then in a 0.008 in. 
(0 .2  m m )  gage length etc. and the values were  averaged fo r  each specimen. The 
averaged data a r e  presented in Fig.  1 4  together with the extrapolated zero  gage 
length values. 
S t r e s s -S t r a in  Data 
S t r e s s - s t r a in  curves  for the two directions a r e  given in Fig.  15 with the 
per t inent  modulus, yield strength, and ultimate s t rength data entered on the figure. 
B. Data for Aged 1 8 7 ~  Nickel Maraging Steel (250)  
The data collected fo r  the steel  ma te r i a l  was exactly analagous to that f o r  
titanium. 
also apply to the s teel  and will not be repreated. 
given below. 
The details  of data collection which were given for  the titanium mater ia l  
The pertinent data themselves  a r e  
Ultimate Tensi le  Strength 
The data f r o m  specimens of various configurations a r e  given in Table 7 
on page 29. 
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Figure 1 5 .  Stress-Strain Properties of Aged Titanium Alloy Ti-6A1-4V 
in the Longitudinal and Transverse Directions.  
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Table 7. Ultimate Tensile Strength of 
Aged 18% Nickel Maraging Steel 
Ultimate Strength,cr Average u tu  t u  
TvDe : 
, I  
Specimen NO. Orientation Figure No. ks i  N/mm2 ksi N/mma 
SBL-2 L 
S A L -  13 L 
SGL-6 L 
SHL-5 L 
SGL-3 L 
8 
8 
9 
9 
I O  
SAT-14 
SAT-13 
SFT-1  
SCT-1 
SFT-2 
SHT-7 
SGT-8 
SHT - 2 
T 8 
T 8 
T 8 
T 8 
T 8 
T 9 
T 9 
T 10'  
266 1832 
262 1806 
257 1771 263 1812 
257 1771 
274 1888 
272 1873 
2 68 1847 
267 1839 
266 1832 269 1853 
263 1812 
270 1860 
2 64 1819 
278 1915 
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Notch Strength 
Notch strength data and elast ic  and plastic concentration f ac to r s  a r e  given in 
Table 8 for  the longitudinal specimens and in  Table 9 f o r  the t r a n s v e r s e  specimens. 
Given in  the appendix a r e  specimen dimensions in Tables A3 and A4 and photographs 
of typical longitudinal and t r ansve r se  fractured specimens in Fig. A2. A l l  f r ac tu re s  
were  i n  shea r  e i ther  in the plane of the sheet o r  through the thickness. In the longitudinal 
direction the shea r  f r a c t u r e s  were  predominately in the plane of the sheet while in the 
t r a n s v e r s e  direction they were  through the thickness. Graphical k 
given i n  Fig. 16 together with the leas t  squares  data f o r  e and k eo 
direction. 
concentrations to values of k 
t ra t ion factors  in the range 12 < k < 13.4 show some notch sensitivity. However, 
t he re  a r e  insufficient data to perform a leas t  squares  analysis to obtain a value of e. 
v s  ke data  a r e  
P 
for  the t r ansve r se  
In the longitudinal direction the ma te r i a l  appears to be insensitive to s t r e s s  
> 11. The data f o r  the highest e las t ic  s t r e s s  concen- eo 
e -  - 
Two-inch Gage Length Strains  
D a t a  for  four specimens is as follows: 
Longitudinal : Specimen SHL-5 2.6% 
SGL-6 3.1% 
T ransve r se  : SGT-8 2.1% 
SHT-7 1.5% 
Small  Gage Length Strains  
The 0. 004 in. (0. 10 mm) gage length permanent s t ra ins  along both s ides  of the 
f r ac tu re  were  obtained f rom the g r id  photographs in Fig. 17 a r e  shown in Figs .  18 
and 19. 
and t r a n s v e r s e  specimen and averaged a r e  given in  Fig. 20. 
a r e  extrapolations to  obtain the ze ro  gage length s t ra in  value. 
Strain data taken f r o m  s i x  axial scans in the f r ac tu re  zone for  a longitudinal 
Included in the figure 
S t r e s  s-Strain Data 
S t r e s s - s t r a in  curves  for  the two directions a r e  given in Fig. 21, which also 
includes modulus, yield strength and ultimate s t rength data. 
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Table 8. Notch Strength Tes t  Resul ts  for  Aged 18% Nickel 
Maraging Steel ,  250 Grade in the Longitudinal Direction 
Notch - End 
in mm ksi N/ mm k 
Specimen No. Radius, r Notch Strength * 
ke 
SDL-1 
SCL-1 
SDL-2 
SCL-2 
SCL-3  
SDL-3 
SCL-4  
SDL-4 
SDL-5 
SCL-  5 
SDL-6 
SCL-6 
SCL-8 
SCL-9 
SDL-10 
SCL-12 
SDL-9 
SDL-7 
SCL-14 
SCL-7 
SDL-8 
SCL-10 
SCL-11 
SCL-13 
SGL-11 
SGL-12 
SHL-12 
SHL-11 
SGL-10 
SGL - 9 
SHL-9 
SHL-10 
0.0628 
0. 0628 
0. 0630 
0. 0308 
0.0316 
0. 0316 
0.0176 
0.0178 
0. 0179 
0.0117 
0.0116 
0. 0118 
0.0086 
0.0086 
0. 0086 
0. 0064 
0.0064 
0.0064 
0.0049 
0. 0049 
0. 0049 
0. 0049 
0 .0040 
0. 0040 
0.0033 
0 .0033  
0. 0028 
0. 0028 
0.0023 
0.0023 
0.0021 
0.0021 
1. 60 
1. 60 
1. 60 
0.77 
0. 81  
0. 81  
0.45 
0.45 
0. 46 
0. 30 
0. 30 
0. 30 
0.22 
0.22 
0. 22 
0. 16 
0. 16 
0. 16 
0. 1 2  
0. 12 
0. 12 
0. 12 
0.10 
0. 10 
0. 08 
0. 08 
0. 07 
0. 07 
0. 06 
0. 06 
0. 05 
0. 05 
2 .  98 
2. 98 
2 .  98 
3. 97 
3.  97 
3 .  99 
5 . 0 1  
5 .00  
5 . 0 0  
6. 02 
6. 02 
6. 06 
6. 94 
6. 94 
6. 94 
7. 95 
7. 96 
7. 95 
9. 00 
9. 00 
9. 00 
9. 00 
9. 98 
9. 97 
10. 85 
10. 85 
11: 8 4  
11. 85 
12. 88 
12. 87 
13. 44 
13. 44 
263 
270 
268 
270 
268 
27 1 
27 1 
269 
266 
272 
268 
270 
265 
268 
26 6 
264 
25 5 
266 
25 9 
26 1 
265 
265 
261 
26 1 
263 
26 3 
262 
25 3 
25 4 
25 9 
25 2 
25 7 
1810 
1860 
1840 
1860 
1840 
1865 
1865 
1850 
1830 
1870 
1840 
1860 
1825 
1840 
1830 
1820 
1755 
1830 
1785 
1795 
1825 
1825 
1795 
1795 
1810 
1810 
1805 
1740 
1750 
1785 
1735 
1770 
1.00 
0. 98 
0. 98 
0. 98 
0. 98 
0. 97 
0. 97 
0. 98 
0 .99  
0. 97 
0. 98 
0.97 
0 .99  
6. 98 
0 .  99 
0.99 
1. 03 
0.  99 
1 . 0 2  
1 . 0 1  
0 .  99 
0 .  99 
1 .01  
1. 08 
1 .00  
1 .00  
1 .00  
1. 04 
1. 04 
1 . 0 2  
1. 04 
1.02 
"Reference value of ult imate tensi le  strength mtu = 263 ksi. 
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Table 9. Notch Strength Tes t  Resul ts  for Aged 18% Nickel 
Maraging Steel, 250 Grade in the Transve r se  Direction 
Notch-End 
in mm k ks i N/ mm k "  
Specimen No. Radius, r Notch Strength2 
e 
SCT-1 
SDT-2 
SDT-1 
SDT-3 
SCT-2 
SCT-3  
SDT-4 
SDT-5 
SCT-4  
SCT-6 
SCT-5 
SDT-6 
SDT-8 
SDT-15 
SDT-9 
SDT-16 
SCT-7 
SDT-17 
SDT-11 
SDT-7 
SDT-13 
SDT-14 
SDT-10 
SDT-I2  
SGT-14 
SGT-13 
SHT-16 
SHT-15 
SHT-14 
SHT-13 
SGT-15 
SGT-16 
0. 0625 
0.0628 
0. 0632 
0. 0308 
0.0316 
0. 0309 
0. 0178 
0. 0182 
0. 0184 
0.0122 
0.0118 
0.0122 
0.0086 
0. 0086 
0. 0086 
0.0064 
0.0064 
0.0064 
0.0049 
0.0049 
0. 0040 
0. 0040 
0.0040 
0.0040 
0.0033 
0.0033 
0.0028 
0.0028 
0.0023 
0.0023 
0.0021 
0.0021 
1 . 5 9  
1. 60 
1. 61 
0. 78 
0. 80 
0. 78 
0. 45 
0. 46 
0. 46 
0. 31 
0 .  30 
0. 31 
0. 22 
0.22 
0. 22 
0. 16 
0. 16 
0. 16 
0. 1 2  
0. 12 
0. 10 
0. 10 
0. 10 
0. 10 
0. G8 
0. 08 
0. 07 
0. 07 
0. 06 
0. 06 
0. 05 
0. 05 
2 .  99 
2. 98 
2. 98 
3. 97 
3. 97 
3.99 
5 . 0 1  
5 .00  
5 .00  
6. 0 0  
5. 98 
5 . 9 3  
6. 94 
6. 94 
6. 94 
7. 95 
7. 95 
'7. 95 
9. 00 
9. 00 
9. 97 
9. 96 
9. 97 
9. 97 
io .  86  
10.86 
11. 85 
11. 85 
12.88 
12. 87 
13.44 
13.44 
274 
277 
27 9 
274 
269 
274 
272 
275 
265 
270 
267 
274 
260 
25 5 
263 
246 
239 
25 5 
21 9 
215 
212 
227 
238 
202 
236 
231 
214 
2 25 
209 
207 
208 
215 
1890 
1910 
1920 
1890 
1850 
1890 
1875 
1895 
1825 
1860 
1840 
1890 
1790 
1760 
1810 
1695 
1650 
1755 
1510 
1480 
1460 
1565 
1640 
1390 
1630 
1590 
1475 
1550 
1440 
1425 
1430 
1480 
0.  98 
0. 97 
0. 96 
0. 98 
1 . 0 0  
0. 98 
0. 99 
0. 98 
1 . 0 2  
1 .00  
1 . 0 1  
0.  98 
1. 03 
1. 05 
1 . 0 2  
1. 09 
1. 12 
1. 05 
1. 23 
1. 25 
1. 27 
1. 18 
1. 13  
1 . 3 3  
1. 14 
1. 16 
1. 26 
1. 19  
1. 28 
1. 30 
1. 29 
1. 25 
* Reference value of ultimate tensile s t rength rtU = 269 ksi .  
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Figure 1 6 .  Elastic and Plastic Stress Concentration Data fo r  Aged 18% Nickel 
Maraging Steel (250)  in Longitudinal and Transverse Specimens 
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Figure  21. S t ress -St ra in  Proper t ies  of Aged 18% Nickel Maraging Steel (250) 
in the Longitudinal and T r a n s v e r s e  Directions. n a 
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C. Discussion of Results 
Two-inch Gape Length Strain 
It i s  apparent f rom the data that the two-inch gage length s t ra in  i s  a ve ry  
unrel iable  quantitative measu re  of s t ructural  ductility behavior. 
and the  s teel  can be classified as limited ductility ma te r i a l s  on the bas i s  of exhibiting 
two-inch permanent s t r a ins  of l e s s  than l o $ ,  yet their  sensitivity t o  s t r e s s  concen- 
t ra t ions  is ve ry  low, approaching that of purely ductile mater ia l s .  
the s teel  in the longitudinal direction w i t h  an average two-inch gage length s t r a in  of 
approximately 2. 57” i s  m o r e  ductile, using the s t ruc tura l  cr i ter ion of k 
behavior than the titanium whose two-inch value i s  4% -7’5,, a s  show-n in Figs,  11 and 16. 
Both the titanium 
Paradoxically, 
vs k 
e P 
Anisotropy 
Both ma te r i a l s  display anisotropy in mechanical behavior. In the titanium alloy 
the anisotropy i s  m o r e  evident in the s t r e s s - s t r a in  response to the yield region than 
inthe conventional o r  s t ructural  ductility behavior. In the steel ,  however, t he re  i s  
relatively smal l  anisotropy in s t r e s s - s t r a i n  response but relatively la rge  anisotropy in 
ductility. In both ma te r i a l s  anisotropy in the two-inch gage length s t ra ins  i s  m i r r o r e d  
in a qualitative sense by anisotropy in the k vs k s t ruc tura l  ductility behavior. In 
the titanium the two-inch s t r a ins  and the k vs k 
isotropic while in the s teel  they a r e  anisotropic. 
anisotropy in the two-inch gage length permanent s t ra in  is an indication of anisotropy 
in s t ruc tura l  ductility response. 
e P 
response may be considered 
It can tentatively be concluded that 
e P 
S t ruc tura l  Ductility - ke  vs kD 
The resul ts  of the notch t e s t s  in both ma te r i a l s  appear  to fit the formulation 
given by Eqs. 4 and 5. However, since only one thickness of ma te r i a l  was tes ted  for 
each  ma te r i a l  and since only one specimen size was used, the values of k 
f a n d  in the experiments  should be considered tentative until additional tes t s  a r e  
performed. 
we would expect that the actual specimen dimensions would have a g rea t e r  influence 
on keo than on e. 
e la s t i c  in o rde r  fo r  the ductility ratio to be constant. 
both ma te r i a l s  show that a t  the proportional l imit ,  approximately k = 1. 25 and 
that only f o r  k 
and e eo 
If size effects a r e  related t o  the internal gra in  s t ruc ture  of the mater ia l ,  
In the development of Eq. (5), it was assumed that the net section s t r e s s  must  be 
The s t r e s s - s t r a i n s  proper t ies  of 
P 
> 1. 25 is the net section s t r e s s  elastic. 
P -  
On the other hand the 
39 
ke vs k data  in Fig. 11 f o r  the Ti-6A1-4V (which exhibit relatively sma l l  sca t te r )  
appea r  t o  f i t  the l inear  relation given by Eq. (5) implying a constant ductility ratio 
notwithstanding the fact that all  k 
e las t ic  net section s t r e s s  is a consequence of the original definition of the quantity 
e in terms of the secant modulus ratio given in Eq. (1). 
investigation indicate that the analytic development of Eq. (1) should be reexamined. 
Since Eq. (5) is derived f r o m  Eq. ( l ) ,  the l a t t e r  should be considered a s  an empir ical  
relation which de s c ribe s s t ructural  ductility behavior . 
The s t ructural  ductility pa rame te r s  f r o m  Figs.  11 and 16 are summarized 
P 
values a r e  l e s s  than 1. 25. The requirement for  
P 
The resul ts  of the cu r ren t  
below: 
- 
Titanium Alloy Ti-6A1-4V: Longitudinal k = 1.7 e = 0.012 
e = 0.018 
- eo 
T r ansve r s e keo = 4.1 
18% Nickel Maraging 
Steel (250): Long itud inal kea> 11 
- 
T r ansve r s e kea= 5 . 7  e = 0.038 
It is interesting that significant sca t te r  of the data occurs  only in the resu l t s  
f o r  the t r a n s v e r s e  direction in the steel and only for  the condition k e > keo. 
value of ductility ratio he re  is also the highest (e = 
These r e su l t s  may be interpreted t o  mean that the sca t te r  is due to some property of 
the m a t e r i a l  r a the r  than to the conditions of the experiment. The re  is some metal lur-  
gical evidence to support such an  interpretation as is shown in Section 5 of this  report .  
The 
0.38) of the ma te r i a l s  tested. 
Small  Gage Length and Zero Gage Length Strain 
The re  have been numerous suggestions in the past  that the ze ro  gage length 
In o r d e r  to be useful, however, s t r a i n  may  be a fundamental measu re  of ductility. 
such a property must  have a character is t ic  value f o r  each ma te r i a l  and each condition. 
Our experiments with both titanium and s teel  show, however, that along a f r ac tu re  
the small gage length s t ra ins  exhibit large variations in value as w a s  shown in F igs  13, 
18, and 19. 
iation. 
The longitudinal and t r a n s v e r s e  data for each ma te r i a l  has been lumped together i n  
the analysis;  over 200 separate  measurements  were  used f o r  the s teel  and over 100 
f o r  the titanium. 
30% s t ra in  to a maximum of over 170%. 
modal value of approximately 6 6 % .  The steel  distribution is bimodal with maxima 
at approximately 60% s t ra in  and 1007~ strain.  A s  is shown in the next section, the 
We infer that  the ze ro  gage length s t ra ins  would exhibit a similar v a r -  
The variation in values for  each ma te r i a l  is clearly i l lustrated in Fig.  22. 
The variation in values extends f r o m  a minimum of approximately 
The titanium values a r e  single moded with a 
40 
s t e e l  s t ruc ture  consists of fine and coarse grain a r e a s ;  the bimodal distribution may 
ref lect  differences in ductility charac te r i s t ics  in the two types of grain a reas .  
study w i l l  be required to delineate the s t r a in  charac te r i s t ics  of each of the gra in  
a r e a s .  
Fur ther  
Although it was not possible t o  measu re  zero  gage length s t ra ins  at the 
f r a c t u r e ,  it  was possible to  use an extrapolation procedure to obtain approximate 
values  as was shown in Figs .  14 and 20. 
cor re la t ion  between the e o  values in the two directions. 
l a r g e r  variations between the two directions; this variation may be a consequence of 
the relatively few measurements  which were  made,  r a the r  than a reflection of la rge  
anisotropy. 
sma l l  and la rge  gra ins  would requi re  many more  s t ra in  scans  than the six pe r  
specimen which were employed in order  to obtain statist ically significant numbers  
of s t r a in  measurements .  
The data f o r  the titanium show close 
The steel  data show much 
The bimodal s t r a in  distribution coupled with the observed a r e a s  of 
The ratio of zero  gage length to ( e o )  to 0,  004 in. (0.10 mm) gage length ( E  ) s t r a ins ,  
Titanium Ti - 6Al-4V: 
4 
however, is consistent f o r  both directions in each mater ia l :  
= 1.16 
= 1.16 
Longitudinal ' o I E 4  
T r ansve r s e  ' O " 4  
18% Nickel Maraging 
Steel (250):  = 1 . 2 5  
= 1.28 
Longitudinal EO1% 
EeIE4 Transve r se  
We interpret  these resul ts  a s  indicating that the maraging steel  exhibits 
a s teeper  s t ra in  gradient in the fracture zone than the titanium alloy. 
In the preceding subsection of this report  we pointed out certain difficulties 
in correlating the secant modulus ratio concept of ductility of Eq. (1)  with our  
k v s  k data. The smal l  gage length s t r a in  measurements  reveal  another difficulty. 
Because of the la rge  variation in strain along the f r a c t u r e  there  does not appear to 
be a charac te r i s t ic  value of the so called "zero" gage length s t r a in  which is specific 
fo r  a mater ia l .  
s ta t is t ical  sense and because of the large var ia t ion of s t r a in  values shown in Fig.  22 
we question the use  of statist ically obtained values. 
e P 
In this case the factor Esm in Eq. (1) cannot be specified except in a 
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5. Metallurgical Studies 
Metallurgical studies were  macle of the f r ac tu re  region of a few selected 
tensi le  specimens. 
metal lurgical  s t ructure  on the stress-concentration f ac to r s  determined f r o m  the tes t  
p rog ram.  
character is t ics .  
The purpose was  to determine the possible effects of 
The metallurgical study was l imited to  the evaluation of grain s ize  
A. Aged Titanium Alloy Ti-6A1-4V 
Fig.  23 shows the s t ructure  of a sample removed f r o m  the untested sheet 
supplied f o r  the program. 
of the sheet a s  in both the longitudinal and t r ansve r se  c r o s s  sections with no 
evidence of elongated g ra ins ,  except in a thin layer  at  the surface.  
taken on the sheet surface was uniform and averaged Knoop 325 (300 g ) ,  which converts 
to  Rc32. 
the metallurgical studies. 
The microstructure  appears  to be the same in the plane 
The hardness  
F i g .  24 shows the f r ac tu red  longitudinal tensile specimen TET-18 used for  
Fig. 25 shows the s t ruc tu re  along the crack path. 
tes ted in the t r ansve r se  direction and contained a s t r e s s  concentration of 
value k = 13. 5. e 
edge. The f r ac tu re  appears  to be t ranscrystal l ine but fur ther  study would be required 
to es tabl ish the validity of this conclusion. 
with fine and medium size g ra ins  uniformly distributed throughout. 
This specimen was 
There i s  slight evidence of plastic deformation at the f r ac tu re  
The grains  appear reasonably equiaxed 
On the basis  of this brief study there  appear to be no grain s ize  variations 
in the s t ructure  of the titanium alloy sheets which would produce any appreciable 
metallurgical effects to cause sca t te r  in data relating the values of ke and k f o r  
values of k of 13. 5 o r  less .  
Fig. 11 appears  to support this observation. 
P 
This relatively small sca t te r  in the data shown in e 
B. 18% Nickel Maraging Steel (250)  
The fractured tensile tes t  specimens used for  the metallurgical studies 
a r e  shown in Figs.  26 and 27. 
The microstructure  along the crack path of the longitudinal specimen SCL-13 is 
shown in Fig. 28. 
the c rack  path and a t  the hole surface in the region where the crack initiated. 
impossible to determine the crack path f r o m  the limited examination made. 
The re  appears  to  be evidence of some plastic deformation along 
It is 
The 
43 
Figure  2 3 .  Microstructure  of Ti-6A1-4V Sheet. Magnified 500 X ,  Etch-  
Krol l ' s  Reagent. 
44 
I 
Figure  24. F r a c t u r e  in Transve r se  Specimen TET-18 of Ti-6A1-4V Alloy 
(k = 13. 5) ,  Magnified 4. 2 X .  
e 
4 5  
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I 
1 
Figure  26. F rac tu re  in Longitudinal Specimen SCL-13 of Aged 18% Nickel 
Maraging Steel (ke=lO). Magnified 4. 2 X. 
47 
Figure  27. F rac tu re  in Transverse  Specimens SDT-12 and SDT-10 of Aged 
18% Nickel Maraging Steel (ke = 10).  Magnified 4. 2 X.  
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g r a i n s  in general  appear undistorted and there  a r e  fine and medium size grains  
uniformly distributed throughout. 
The mic ros t ruc tu res  along the crack paths in the t r a n s v e r s e  specimens 
examined a r e  shown in F i g s .  29 and 30. 
t e s t  s e r i e s  at a high value of k = 10, where maximum sca t te r  in the data on 
k Specimen SDT-10 (Fig. 29) showed a value of 
k = 1.12 and represents  the minimum departure  f r o m  k = 1. Specimen SDT-12 
showed a value of k = 1.31,  which was the maximum developed for the s e r i e s  of 
P 
four  specimens tested a t  this value of k 
These specimens were  chosen f r o m  the 
e 
vs ke occurred (See F ig .  16) .  
P 
P P 
e 
The s t ructure  in Specimen SDT-10 (Fig.  22)  shows medium to l a rge  grains 
with no g rea t  variation throughout. 
c r a c k  and hole edges. 
tion in  grain s ize  f r o m  ra the r  large to extremely fine. 
maximum s t r e s s  location on the hole edge, which also happened to coincide with 
the coa r se  grain zone. The microhardness  of the coarse  g ra in  region was 
Knoop 675 (100 g),  as compared with Knoop 709 (100 g) for  the fine grain zone. 
Slight plastic deformation is evident at  the 
The s t ructure  in Specimen SDT-12 (Fig .  30)  shows wide va r i a -  
The crack originated at  the 
The lower left  section of Fig. 30 containing both coa r se  and fine grain a r e a s  
was  enlarged to 500 X. Fig. 31 shows this  enlargement with a r c  segments drawn 
to scale  to establish the relative s ize  of the s t r e s s  concentration holes in the 
specimen and the metallurgical grain s t ructure .  
randomly distributed fine and coarse grain a r e a s  shown it is possible that the holes 
producing high s t r e s s  concentrations could be entirely within ei ther  the fine o r  coarse  
a r e a  o r  extend f r o m  one into the other. If the propert ies  of these a r e a s  vary,  a s  
has  been shown, one would expect that the response in the tensile tes t  would also 
vary depending upon where within this metallurgical s t ructure  the hole was  placed. 
It is obvious that with the 
F r o m  Fig. 31 it i s  difficult to determine the maximum hole size which might 
resul t  in these variations for  the specific metallurgical s t ruc tu res  shown. 
obvious that for  k 
ke = 13. 4 and k 
indicates sca t te r  above a ke of about 6. 5 is not inconsistent with the metallurgical 
data. 
It is 
= 3 and possibly k j  = 5 the effect would not be present  and f o r  
e 
= 1 0  it definitely would be. The fact that tes t  data in Fig. 16 e 
5 0  
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6. Structural  Design Considerations 
Efficient design requires  the use of the lightest weight s t ructure  to sustain 
the applied loads. 
rational choice of ma te r i a l s  for  efficient tension s t ructure  has been discussed 
previously in References (2)  and (6).  
a s  a function of e las t ic  s t r e s s  concentration factor. 
The method of using the ductility ratio concept for  making a 
It involves determining s t ructural  strength/weight 
A comparison of the efficiencies of the two ma te r i a l s  tested in the program 
can b e  made f rom Fig. 32 ,  which has structural  strength/weight on the ordinate and 
elast ic  s t r e s s  concentration factor on the abscissa.  
upper l imit  of strength for  s t ruc tu res  containing the given elast ic  s t r e s s  concentra- 
tions. 
value lower than that represented by the curve,  
The curves represent  the 
Structures  with a given k value must  be designed to operate at  a s t r e s s  e 
In deriving the curves,  the relation for  plastic s t r e s s  concentration fac tors ,  
Eq. (11) was substituted into Eqs. (4) and (5 ) .  Assuming that notched strength 
corresponds to s t ructural  strength, S, and introducing the density, p 
The appropriate values of the constants obtained f r o m  the experiments were  
substituted into Eqs. (12) and (13) for each orientation in  each ma te r i a l  to  obtain the 
data f o r  the curves in Fig. 32. 
factor  values for ke < 3. 
ult imate tensile strength to k 
this region. 
There were  no tes t  data f o r  e las t ic  concentration 
Dashed lines a r e  used f r o m  ke = 1 representing the 
= 3 to indicate the uncertainty of the interpolation in 
e 
The assumption that the structural  strength, S, is equivalent to the notched 
s t rength implies that the behavior of a notched tensile s t r i p  containing a given elast ic  
s t r e s s  concentration is representative of all tension s t ruc tu res  of the same ma te r i a l  
and the same  thickness having the same value of e las t ic  s t r e s s  concentration. 
implicit in the assumption is that a particular discontinuity character ized by an 
e las t ic  s t r e s s  concentration is equivalent in t e r m s  of i t s  plastic and f r ac tu re  behavior 
to all other discontinuities having the same va lue  of e las t ic  concentration factor 
r ega rd le s s  of the geometr ic  configuration. 
Also 
Because of the influence of s ize-effects ,  
5 4  
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the  da ta  f o r  Fig. 32 would be pertinent to the thickness tested in this  program. 
e t h e r  thicknesses  additional t e s t s  would be necessary  to obtain the necessary  k 
and e values. 
F o r  
eo  
It i s  c lear  f r o m  the data  shown in Fig. 32 that anisotropy is an important 
The longitudinally oriented t i tanium consideration in efficient s t ruc tura l  design. 
alloy Ti-6A1-4V mate r i a l  is m o r e  efficient than the t ransverse ly  oriented t i tanium 
mater ia l .  
efficient than the longitudinally oriented ma te r i a l  for  k 
F o r  higher values of k the longitudinal ma te r i a l  is m o r e  efficient. Overall ,  the 
longitudinally oriented titanium is the most  effieicent over  the whole range of e las t ic  
s t r e s s  concentration values tested. 
In the maraging s teel  the t ransverse ly  oriented mater ia l  is slightly m o r e  
values  up to 6. 3 approximately. e 
e 
Gera rd  (6) had originally hypothesized that the ult imate tensi le  strengthlweight 
ra t io  could be related to  the ductility ratio in l imited ductility ma te r i a l s  by an  expres-  
sion of the f o r m  
Since u / p  has  the dimension length and s ince e is dimensionless,  the tu  
constant A will have the dimension length. 
u 
u / p  in mi l l imeters ,  A = 4. 1 x 10 mm. 
F o r  ordinary English engineering units 
6 .  / p  is expressed  in inches and A = 1.6 x 10 in. In the m e t r i c  sys tem,  expressing 
7 tu 
tu  
Values of the quantities in  Eq. (14) w e r e  computed f o r  the t i tanium alloy 
Ti-6A1-4V in both orientations and for the 18% nickel maraging s teel  in the t r ansve r se  
direction. The resu l t s  a r e  given in English units only in  Table 10. 
116 
Table 10. Correlation of u / p  and 1. 6 x 10% fo r  tu 
Aged Titanium Alloy Ti-6V-4A1, L and T and Aged 18% Nickel Maraging Steel  (250) 
- 1 /6  Deviation 
Mater ia l  Orientation u / p  - in. e 1 .6  x IO6: in. Percent  t u  
-3  1 
-18 
0 
6 
6 
6 
T i  - 6A1-4V L 1.06 x lob  0.012 0.765 x 10 
T i  - 6A1-4V T 1.01 x 10 0. 018 0 .820  x 10 
Maraging Steel T 0.93 x 10 0. 038 0.930 x 10 
6 
6 
5 6  
Referr ing to Fig. 3 3 ,  there  are cryogenic data which also l ie  outside the 
- t 10% l imits  of Eq. (14). 
should be noted that values of ductility ra t io  for  these ma te r i a l s  were obtained from 
the r e su l t s  of a s  few a s  three o r  four notch strength tes ts .  
the 3 3 - 3 6  t es t s  made for  each of the analyses used in the current  program. 
These deviations have not been explained, however, it 
This i s  in contrast  to 
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